A novel electroplating technique is proposed using simple and non-toxic aqueous solutions in contrast with conventional plating baths. The metal plating process consists of a two-step procedure, i.e., combination of well-known electrophoretic deposition (EPD) and electrochemical reduction. Initially, the EPD of metal oxide particles dispersed in pure water is performed so that an oxide layer can be formed on the electrode surface. The coating layer is then electrochemically reduced to the metallic state in a neutral electrolyte solution. Dissolution-precipitation of the oxide in the second step plays an important role in densification of the resultant metal film. This communication briefly discusses the electroplating mechanism and the effectiveness of the proposed technique.
Metal plating is a well known technique for coating a target material with a metallic film using a solution containing metal ions, and various coatings, such as pure metals, alloys and composite coatings, have been successfully manufactured to date. The major objective of metal plating is surface modification, which improves chemical durability, abrasion resistance, and aesthetic appearance of the target substrate. In general, metal plating is divided into three fields according to the driving force to reduce the metal ions in the plating bath; (1) electroplating under an applied cathodic potential, 1) (2) chemical (electroless) plating by addition of reducing agents, 2) and (3) displacement plating via partial substitution of desired metal for target surface. In order to fabricate fine, dense, smooth, and tough coating layers, the plating bath must contain a variety of additives besides metal salts, such as complexing, stabilizing, and buffering agents.
3), 4) In some cases, highly acidic or basic conditions are utilized. In other words, the metal plating bath is often a complex and toxic solution, implying the necessity for strict plating bath management.
The present study proposes a novel electroplating method for the fabrication of metal layers using simple and non-toxic aqueous solutions. Metal plating by the proposed technique is carried out by a two step procedure, as schematically illustrated in Fig. 1 . Initially, metal oxide particles are accumulated on the target surface by electrophoretic deposition (EPD) in an aqueous sol without additives. Subsequently, the oxide layer is electrochemically reduced to the metallic state in a neutral electrolyte solution. Therefore, the overall process is performed in aqueous media with a neutral pH range. Such a soft solution process 5) will become more important in the future, because this is a low energy process carried out under environmentally benign conditions. In this communication, we demonstrate that the proposed technique, based on a new principle, is useful for electroplating, and various metal layers can be fabricated on conducting substrates.
The electroplating of metal layers was conducted using a twostep operation, with commercial ZnO and Bi2O3 powders employed as metal sources. EPD of these particles was first performed using a two-electrode cell. Oxide powder (0.03 wt%) was homogeneously dispersed in doubly deionized water by ultrasonication for 10 min. The surface potential of the oxide particles in suspension (pH = 7.5) was estimated using a zeta potential analyzer. p-Si(100) single crystal wafer (effective electrode area: 1 cm 2 , resistivity: < 0.02 Ω cm) and platinum foil (6 cm 2 ) were used as the working and counter electrodes, respectively. The ohmic contact between the p-Si and the lead wire was achieved by smearing an In-Ga eutectic on the back side of the p-Si wafer. † Corresponding author: K. Kamada; E-mail: kkamada@nagasaki-u. ac.jp 
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The surface of Si was etched in HF solution prior to the EPD. The backs of electrodes were covered with insulating tape to suppress inhomogeneous potential distributions. The working and counter electrode were configured in a parallel geometry with a separation of 5 mm. EPD was performed by applying a constant DC voltage of +5 or -5 V to the working electrode at ambient temperature without stirring of the suspension. After deposition, electrochemical reduction of the oxide layers on the Si was undertaken using a three-electrode cell and Ar-saturated 0.1 M K2SO4 (pH = 6) as the electrolyte solution. A constant current of -0.1 mA cm -2 was applied between the Si working and the Pt counter electrodes, and the potential variation for the Ag|AgCl (sat. KCl) reference electrode was monitored during the electrolysis. The morphology of the deposited layer before and after electrochemical reduction was observed by scanning electron microscopy (SEM), and the change in the crystal structure was analyzed by X-ray diffraction (XRD) and Raman spectroscopy.
The zeta potentials of ZnO and Bi2O3 in aqueous suspension (pH = 7.5) were estimated to be +15 mV and -5 mV, respectively. Generally, the direction of electrophoretic migration is determined by the polarity of the surface charge; however, the feasibility of EPD of ZnO or Bi2O3 was strongly dependent on the polarity of the Si working electrode rather than the zeta potentials. When Si was used as an anode, no electrophoretic deposition was observed, because the applied voltage dropped at the insulating silica layer formed by anodic oxidation. In contrast, application of a negative bias (-5 V for 1 h) resulted in the formation of a thick ZnO or Bi2O3 layer on the Si surface (thickness: a few micrometers). Figure 2(a) shows surface SEM images of the Si covered with ZnO particles. It was confirmed that hexagonal ZnO particles were inhomogeneously packed, and pores were present over the entire coating layer. This type of morphology is caused by gas evolution due to electrolysis of water molecules, which should be noted as one of the disadvantages of EPD with an aqueous sol. 6), 7) To transform the oxide layer on the Si wafer into a metal film, electrochemical reduction was carried out in the 0.1 M K2SO4 solution. Figure 3 shows cathodic polarization curves of the bare Si, ZnO/Si, and Bi2O3/Si working electrode. Potential sweeps were initiated from the open circuit potential at a scan rate of 2 mV s -1 . The electrolyte solution was saturated with Ar gas prior to the measurements, so that the contribution of O2 reduction could be excluded during the cathodic scan. No discernible current peak was observed in any of the curves measured within the sweep range investigated. Hydrogen gas evolution from the bare Si was confirmed below ca. -1.4 V. On the other hand, the onset potentials of the cathodic current were apparently shifted to the anodic side after the oxide coating. The probable reasons for this potential shift are; (1) direct reduction of the oxide layer itself and (2) the electrocatalytic ability of the oxide layer for hydrogen evolution. The cell potentials under galvanostatic conditions (-0.1 mA cm -2 ) were almost constant during the electrolysis, and were proportional to the onset potentials shown in Fig. 3 (ca. -1.6, -1.4 , and -1.35 V for bare Si, ZnO/Si, and Bi2O3/Si, respectively). Figures 2(b) and (c) show surface SEM images of ZnO/Si after electrochemical reduction for 3 and 6 h, respectively. After electrolysis for 3 h, the appearance of the colorless ZnO layer was transformed into black color, implying reduction of the oxide to the metallic state. Moreover, the morphology of the coating layer was significantly altered by the electrochemical treatment. Although the porous structure remained after the 3 h electrolysis, the particles were adhered to each other and the grain boundaries were disappeared. In addition, prolonged treatment (6 h) led to the formation of a relatively smooth and dense layer, as shown in Fig. 2(c) . The intensity of the ZnO diffraction line in the XRD patterns of ZnO/Si after electrochemical reduction (Fig. 4) was weakened with increasing reduction time, and almost disappeared at 6 h. On the contrary, the intensity of the diffraction for Zn metal increased with time. At the first step, i.e., the EPD of oxide particles, application of a higher voltage over 30 V resulted in oxide deposition and subsequent reduction in a single step. However, the resultant metal layer had a dendritic structure that was weakly attached to the p-Si substrate. Therefore, coating with dense metal layer is not possible by a single step. It is concluded that a metallic Zn layer can be formed by the electrochemical reduction of a ZnO layer on Si in a neutral electrolyte solution. In other words, the proposed technique may be useful as a new electroplating route that employs environmentally benign conditions.
The mechanism for the electrochemical reduction of the ZnO layer is considered to be as follows. The applied potential during galvanostatic electrolysis of the ZnO/Si was almost stable around JCS-Japan -1.4 V, which was more positive than the hydrogen evolution potential on bare Si (Fig. 3) . This suggests that the cathodic reaction mainly took place at the surface of the ZnO particles rather than on the Si surface. According to the literature, there are two possible reduction paths on the ZnO surface; (1) direct reduction 8) and (2) dissolution-precipitation. 9) The direct electrochemical reaction of ZnO is expressed as:
The applied potential during electrolysis (ca. -1.4 V) was significantly negative compared with the redox potential of the Zn/ZnO couple (E o = -0.99 V at pH = 6); therefore, the progress of Eq. (1) is possible at -1.4 V. This expectation is also supported by the cathodic polarization curve of the ZnO/Si, which was analogous to that of a sintered ZnO electrode in an identical electrolyte solution. However, the metallization of ZnO did not proceed only by direct reduction, because the preferential progress of Eq. (1) would induce volumetric contraction of particles, due to the difference crystal densities of ZnO and Zn, and the porosity of the coating layer would probably increase without densification. Therefore, the latter mechanism (dissolution-precipitation) may play a significant role in the production of dense metallic Zn film (Fig. 2(c) ). As indicated by Eq. (1), the direct reduction of ZnO leads to the generation of hydroxide ions, which suggests that the solution pH would increase around the ZnO surface. Consequently, an alkaline environment causes the partial dissolution of ZnO particles as expressed by:
The supersaturated Zn(OH)4 2-ions would be reduced to Zn metal as follows:
It is expected that the reductive deposition of Zn from Zn(OH)4 2- would occur at the microinterstices between the ZnO particles or the Si surface exposed to the electrolyte solution. Accordingly, the layer coated on Si was densified with increasing electrolysis time ( Fig. 2(b) and (c)). In a similar manner, a Bi2O3 layer coated on Si was reduced to Bi metal. The presence of the metallic state after the reduction was confirmed by XRD and Raman spectra (disappearance of Bi-O vibrations). The dissolution and reductive precipitation of Bi metal would occur during cathodic electrolysis in addition to direct reduction. It seems that the metallization of Bi2O3 was initiated as a partial dissolution of Bi2O3 into BiO2 -, followed by reduction and disproportionation of BiO2 -to form metallic Bi deposits.
10), 11) On the basis of the present experimental results, it can be concluded that dense Zn or Bi layers can be successfully fabricated using a combined technique of common electrophoretic deposition of oxide particles and electrochemical reduction. The overall process is performed in environmentally benign aqueous solutions with a neutral pH range. This method is also applicable to the synthesis of not only Zn and Bi metallic layers, but also to various transition metals, because a variety of metal oxides can be electrochemically reduced to the metallic state in an electrolyte solution without heat treatment in a reducing atmosphere. Furthermore, the use of more than one metal oxides or complex oxides with this technique could realize alloy plating. In addition, oxide layer coating methods other than EPD, such as the sol-gel method, could be used as the first step of the proposed technique. It is expected that the present method would facilitate the production of non-toxic waste solutions. Specifically, in addition to the facile recovery of oxide particles from the EPD bath, the nontoxic electrolyte solution in the second step includes only a trace amount of dissolved metal ions from the oxide layer. Therefore, the degree of toxicity of the waste solution is extremely low compared with conventional electroplating bath solutions. The preparation of various metal layers is currently in progress to demonstrate the general applicability of the present technique.
